PVTx measurements for carbon dioxide (CO 2 , R744) + 1,1-difluoroethane (CH 3 CHF 2 , R152a) for both the two-phase and the superheated vapor regions are presented. The measurements were taken with a constant volume apparatus at temperatures ranging from (223 to 343) K and pressures from (60 to 3890) kPa along 8 isochores. The data obtained in the two-phase region were used to derive VLE parameters using a flash method with the Carnahan-Starling-De Santis equation of state (CSD EOS). The dew point was also found for each isochore from the intersection of the P-T sequences.
Introduction
Low-temperature refrigeration applications, i.e. cascade cycles operating with two different In previous studies, the P,V,T,x properties of the CO 2 +R41, CO 2 +R116, CO 2 +R125, CO 2 +R32, CO 2 +R23 systems were measured by an isochoric method, [2] [3] [4] Burnett method [5] [6] [7] [8] [9] and solid-liquid equilibrium apparatus. [10] [11] In this paper, the PVTx properties of the CO 2 +R152a binary system are studied with a constant volume apparatus.
R152a is an important hydrofluorocarbon used as refrigerant, blowing agent, aerosol propellant and cleaning agent. The combination of CO 2 and R152a provides important information for future applications. To our knowledge no experimental results have been published in the open literature on the PVTx properties of this specific binary system. Isochoric measurements were consequently taken, covering temperatures from (223 to 343) K, to make up for the lack of VLE and PVTx data.
VLE parameters were derived from data in the two-phase region, applying the CSD EOS. 12 Data obtained from the superheated region were also compared with the predictions obtained with the CSD EOS.
Experimental section
Chemicals. Carbon dioxide and 1,1-difluoroethane were supplied by Sol SpA and Union Carbide, respectively. Their purity was checked by gas chromatography, using a thermal conductivity detector, and found to be 99.99 % and 99.94 %, respectively, basing all estimations on an area response.
Apparatus. The set-up has already been described elsewhere, 13 so it is only briefly outlined here.
The main changes made to the original apparatus 13,14 concerned the twin thermostatic baths filled with different silicone oils (Baysilone M10 and Baysilone M100, Bayer). After charging with the sample mixture, the set-up could be operated over two temperature ranges, approximately from (210 to 290) K and from (290 to 360) K, depending on which bath was used.
The thermostatic baths were easy to move thanks to the new system configuration. The spherical cells and pressure transducer were immersed in one of the two thermostatic baths. An auxiliary thermostat was used to reach below-ambient temperatures. The cell volume was estimated (as explained elsewhere 13 ) to be (273.5 ±0.3) cm 3 at room temperature.
The pressure and temperature data acquisition systems were identical to those of the previous apparatus. 13,14 A PID device was used to control the temperature, which was measured using a calibrated resistance thermometer; the total uncertainty of the temperature measurements was ±0.02
K. The uncertainty in the pressure measurements stems from the uncertainty of the transducer and null indicator system, and the pressure gauges. The uncertainty of the digital pressure indicator (Ruska, mod. 7000) is ±0.003 % of its full scale (6000 kPa). Temperature fluctuations due to bath instability can also affect the total uncertainty in the pressure measurement, which was nonetheless found to be less than ±1 kPa.
Experimental procedure. Mixtures were prepared using the gravimetric method. First of all, the pure samples were charged in different bottles, degassed to remove non-condensable gases and air, and then weighed with an analytical balance (uncertainty ±0.3 mg). After evacuating the cell, the bottles were then emptied into the cell immersed in the bath. The mixtures were charged in vapour phase. The bottles were weighed again and the mass of the charge was calculated from the difference between the two masses. The dispersion of the mass inside the duct was estimated to be between 0.01 and 0.06 g, depending on the charging temperature, pressure and molar mass of the fluid, and finally subtracted from the total mass of the sample. The uncertainty in mixture preparation was estimated to be constantly lower than 0.001 in mole fraction.
After reaching the experimental temperature, the mixing pump was activated for about fifteen minutes and, next, the mixture was allowed to stabilize for about twenty minutes before the data recording. After having charged each mixture composition, the temperature was increased step by step.
Results and discussion
The temperature and pressure ranges are shown in Table 1 , along with the mixture's composition and the number of moles charged.
Based on the analysis of the slope of each T,P sequence, the experimental points were each attributed either to the superheated or to the two-phase region. Table 2 shows the experimental data within the VLE boundary, while Table 3 contains the PVTx data. The data for the two-phase region were fitted using the Antoine equation, while those relating to the superheated region were fitted by a second-degree polynomial, taking temperature as the independent variable. Then the solution of the two equations representing the system's behavior in the two-phase and superheated regions was used to find the dew point temperature and pressure algebraically for each isochore. The uncertainty of temperature and pressure of the dew points arising from the error distribution of the data correlated with the Antoine and polynomial equations were estimated to be of the order of ±0.4 K and ±2 kPa, respectively. The example of the dew point estimation method based on the slope discontinuity is reported in Figure 1 . The solutions are given in Table 1 .
VLE derivation.
The method used to derive VLE data from the isochoric measurements using the CSD EOS was described elsewhere. 15 This EOS was chosen amongst two-parameters EOSs, because its parameters are fitted to pressures and molar volumes along the saturation curve. For this reason it is able to accurately represent saturation pressures, volumetric properties along saturation and the vapor phase at superheated region.
The method involves deriving the VLE parameters for each data point in the two-phase region using the "flash method" with the CSD EOS. For this method to be applied to isochoric data, we also need the volumetric properties of the two phase region. The volumetric properties could be taken either from the EOS involved (assuming that it holds true for the representation over the entire range of the parameters) or from independent sources. Here, it was assumed that the CSD EOS holds true with the necessary accuracy over the entire range of the parameters.
T, z i and n (number of moles charged) were kept constant during the correlation having the isochoric cell volume from the gravimetric calibration, the objective function:
was minimized tuning the K 12 value. The correlation gives also the parameters of VLE (pressure, and composition of both phases) at the bubble and dew point (not reported in tables) which were considered, obviously, as dependent variables. Figure 2 shows the scatter diagram of the relative pressure deviations which are almost temperature-independent. The pressure deviations were found to be within ±2 % for all series except few points. The same trend of results was obtained comparing the experimental data together with the REFPROP 7.0 prediction, as shown in Figure 3 .
The obtained binary interaction parameters are reported in Table 1 Figure 4 . The CO 2 +R152a system reveals almost ideal behavior in terms of Raoult's law.
PVTx.
Since there are no published data on the superheated vapor region for the binary systems considered, density at superheated region were also compared with the CSD EOS prediction. In this case, the coefficients of the CSD EOS fitted to data along the saturation line were extrapolated out of the range where they were fitted and, also, the K 12 value, tuned to the low temperature two-phase data, was assumed to be temperature independent. The AAD (V) = 1.74 % was obtained, while slightly better results were achieved comparing the experimental findings with the REFPROP 7.0 prediction, 16 obtaining an AAD (V) = 1.02 %.
Conclusions
An isochoric apparatus has been used to obtain PVTx measurements on CO 2 + R152a. The binary interaction parameters were derived from experimental data in the two-phase region, applying the flash method and the Carnahan-Starling-De Santis equation of state. The dew point parameters were
found by interpolating the P-T isochoric sequences. The calculated binary interaction parameter were used to derive the VLE, which revealed an almost ideal behavior in terms of Raoult's law. The
PVTx data were compared by the CSD EOS and by REFPROP 7.0 prediction. -0.020 -0.051 Table 2 . Experimental molar volumes V as a function of pressure P and temperature T at overall composition z 1 in the two phase region for the CO 2 (1) + R152a (2) system 
